Introduction {#sec1}
============

Zymosan (ZM) is an insoluble β-1,3-glucan polysaccharide, extracted from *Saccharomyces cerevisiae,* which plays an important role in the architecture of the host cell wall. Yeast contains β-glucan (1, 3/1, 6-glucan) as the main component along with mannoproteins in the outer layer, nucleic acids^[@ref1]^ and chitin in the inner layer.^[@ref2]^ In general, the immunomodulating activity of different bacterial β-glucans varies depending on the molecular weight, tertiary structure, purity, solubility, degree of branching, conformation in the solution, and charge.^[@ref3]^ They are recognized by the Dectin-1 receptor and complement receptor 3 (CR3) of the immune cells including macrophages, dendritic cells, and neutrophils. They activate both innate and acquired immunity. Direct stimulation of the collagen biosynthesis in fibroblast cells is achieved by β-glucan receptors on human dermal fibroblasts.^[@ref4],[@ref5]^

ZM is an activator of phagocytic cells, which increases the levels of lysosomal enzyme secretion, upregulates the leukotriene production of monocytes, and enhances the release of proinflammatory cytokines, IL6 and TNFα,^[@ref6],[@ref7]^ monocyte chemoattractant protein (MCP-1),^[@ref8]^ CXCL1 (Chemokine---C-X-C motif),^[@ref9]^ chemokine IL8,^[@ref10]^ and matrix metalloproteinase 9.^[@ref11]^ Macrophages recognize ZM through the pattern recognition receptors (PRRs) via binding to the pathogen-associated molecular patterns on these polysaccharides^[@ref12]^ including CR3,^[@ref13]^ Dectin-1,^[@ref14]^ lactosylceramide,^[@ref15]^ and scavenger receptors.^[@ref16]^

Immune-modulatory phytochemicals such as flavonoids, alkaloids, terpenoids, tannins, anthocyanins, glycosides, saponins, polysaccharides, lectins, sterols, and phenolic compounds are naturally occurring and widely used for different disease treatments. Unsaturated fatty acids from seed oil, mushrooms, animals, and plants are used as functional foods for diabetes mellitus and blood sugar control. These liposoluble constituents play a major role in the biomedical field as broad-spectrum therapeutic agents with low toxicity.^[@ref17]^ Dietary flavonoids from fruits, tea, cocoa, and vegetables are bioactive compounds with anti-inflammatory properties. Glycosylation, hydroxylation, and o-methylation are the modification methods for flavonoids with better metabolic features than the parent compounds, which affect the mechanism of inflammation.^[@ref18]^ Polyphenols including flavone, flavonols, flavanone, flavanonol, anthocyanidins, falvan-3-ols, isoflavone, and isoflavanone are found in vegetables, fruits, and beverages. Polyphenols designed as dietary supplements suppress symptoms of disease and improve health.^[@ref19]^ Caffeic acid and chlorogenic acid from *Sonchus oleraceus* Linn crude extract have a synergistic effect and delay hepatic dysfunction and improve hepatic insulin resistance.^[@ref20]^

ZM has been shown to have the ability to protect and deliver drugs,^[@ref21]^ adjuvants,^[@ref22],[@ref23]^ and single-strand DNA^[@ref24]^ and in the adsorption of toxins.^[@ref25]^ ZM has a large and complex molecular structure, and it is insoluble in water (a molecular weight of ∼ 296 kDa), which influences its biological effects and absorbance.^[@ref22]^ Several methods have been followed to enhance its bioactivity including hypochlorite oxidation^[@ref1]^ and acid hydrolysis^[@ref2],[@ref22]^ to obtain different water-soluble fragments. It has been reported that enhanced water solubility, nucleic acid affinity, and Dectin-1-targeted tissue-specific delivery were achieved with aminated glucans.^[@ref26]^ Partially aminated curdlan retains its original conformation, which facilitates its binding to phagocyte cell surface receptors, and Dectin-1 (PRR). The main objective of this work is to study the immunomodulatory effects (the activation of inflammation-related protein expression) and characterization of ZM and aminated zymosan (ZMA). Reports are there for ZM uses as an immune enhancer. Native ZM is insoluble in water, and it is very difficult to determine its molecular weight and NMR characteristics. Conversion of insoluble ZM to soluble ZM (amination) is the main novelty of this work, which aids in the determination of the ZM high molecular weight (296 kDa) through MALDI-MS-MS. Moreover, the 1D and 2D NMR characterization was achieved after amination. Yeast glucan as food has been used in Japan and Korea for many years. The current work provides some interesting information about ZM which is derived from yeast glucan. Moreover, this is a basic study, and a detailed study on its applications will be done in the near future. The present study aimed to synthesize water-soluble ZM without modifying its basic structure through amination and to predict the structure of ZMA.

Results and Discussion {#sec2}
======================

Amination of ZM {#sec2.1}
---------------

The first step in amination is to chemically modify ZM by replacing the hydroxyl group (−OH) in the C~6~ position of the glucose residues with an amino group (−NH~2~) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref26],[@ref27]^ Under controlled conditions, ZMA was synthesized with 6-azido substitution. This was further reduced into C~6~ amine-functionalized ZMA (80% amine substitution). At the end of amination, a biocompatible amine-bearing ZM was synthesized. In the previously reported methods, synthesis of acid/alkali or heat treated ZM, the polymer lost its core activity in the immune system because it was degraded into different fragments and lost active functional groups during the process.^[@ref1],[@ref28]^

![(A) Synthesis scheme for the preparation of ZMA 6NH~2~. (B) FTIR spectrum of ZM and ZMA. (C) ^13^C NMR spectra of ZMA in D~2~O.](ao0c01243_0001){#fig1}

FTIR Analysis of ZM and ZMA {#sec2.2}
---------------------------

Two intense broad bands at 3394 and 3399 cm^--1^ indicated the O--H stretch of the hydroxyl groups in ZM or the N--H stretch in ZMA ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Bands at 2922 and 1244 cm^--1^ indicated the C--H stretch and CH~2~OH stretch, respectively. The band at 1372 cm^--1^ could be attributed to the C--H band, and the band at 1637 and 1649 cm^--1^ could be attributed to the C=O group or N--H bend in ZM and ZMA, respectively. The band at 1042 and 1025 cm^--1^ could be attributed to the C--O--C or C--N stretch. ZMA exhibits a new absorption band at 1436 cm^--1^, which is the characteristic peak of the NH amine. Beta glycosidic linkage was analyzed through Fourier transform (FT)-Raman spectroscopy ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) at 896 and 891 cm^--1^ for ZM and ZMA, respectively. Moreover, the bands at 953--710 cm^--1^ could be attributed to NH wagging with respect to previous reports on aminated oat beta glucan^[@ref29]^ and aminated chitosan.^[@ref30]^ These results clearly indicated the distribution and the presence of amino groups in ZMA. There was no clear NH~2~ peak in the ZMA spectrum which could be attributed to its overlapping with the hydroxyl group peak.

Structural Characterization of ZMA---2D NMR {#sec2.3}
-------------------------------------------

NMR spectral data revealed the information of the repeating sugar units, configurations, linkages, chain length, and substitutions in the side chain of the polysaccharide.^[@ref31],[@ref32]^ In ZMA, the hydroxyl group (^1^H NMR, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) at the C~6~ position of the glucose unit was replaced with an amine similar to previous reports.^[@ref27]^ The degree of polymerization (DP) of 6-amino-ZM was determined by ^13^C NMR ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). The C~6~--OH of the unmodified glucose unit of ZM appeared at ^13^C δ 60.4 (C-6); ^1^H δ 3.81 (2H, 6H~a~, H~b~); after amination, the C~6~ shifted to ^13^C δ 38.97 ppm; ^1^H NMR δ 2.61 (2H, 6H~a~, H~b~). ZMA shows a C~6~--OH: C~6~--NH~2~ ratio of 2:8, which is used for determination of the degree of substitution (DS). In the case of 6AZ-80 (80% amine substitution), the ratio of C~6~--OH: C~6~--NH~2~ intensity was about 2:8. ^13^C NMR analysis of C~6~ glucose units revealed the signal at δ~c~ 60.4 (C-6) in unmodified ZM shifted to δ~c~ 38.9 (C-6) in 6AZ-80, which indicates that 6-amino ZMA was successfully synthesized, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

The structure of ZMA was elucidated by ^1^H, ^13^C, and 2D (^1^H--^1^H, TOCSY, ^1^H--^13^C, HSQC, ^1^H--^1^H NOESY, and ^1^H--^1^H ROSEY) NMR spectral analysis. The above analysis was used to assign the proton and carbon signals of the ZMA backbone. The presence of the anomeric proton (δ~H~ 5.32, 1H), sugar protons (δ~H~ 3.43--3.70, H2, H3, H4, H5, H6a, H6b, 6H), and the higher field signal (δ~H,~ 5.32, 1H) in the ^1^H NMR spectrum revealed the β-configuration of glucose in the ZMA structure. The ^1^H and ^13^C NMR chemical shift data analysis from different NMR spectra of ZMA and ZM was tabulated ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### ^1^H NMR and^[@ref13]^ C NMR Chemical Shifts of ZM and ZMA (^1^H NMR 500 MHz, ^13^C NMR 125 MHz, D~2~O)

  position   ZM literature (δ~c~)   ZMA 6-NH~2~ (δ~c~)   ZMA 6-NH~2~ (δ~H~)
  ---------- ---------------------- -------------------- --------------------
  C-1        103.01                 99.74                5.32
  C-2        72.83                  71.19                3.55
  C-3        86.22                  84.22                3.70
  C-4        68.41                  68.07                3.43
  C-5        76.33                  75.61                3.48
  C-6        60.87                  38.97                2.64

The HSQC spectrum of 6AZ-80 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A) provides the information on correlation between ring ^1^H and ^13^C. The ^13^C chemical shifts of the 6-AZ-80 residue was obtained based on the ^13^C--^1^H cross peaks at δ~c~/δ~H~ 99.74/5.32 (C-1/H-1), 71.19 ppm/3.55 ppm (C-2/H-2), 84.22 ppm/3.70 ppm (C-3/H-3), 68.07 ppm/3.43 ppm (C-4/H-4),75.61 ppm/3.48 ppm (C-5/H-5), 38.97 ppm/2.61 ppm (C-6/Ha-6), and 38.97 ppm (2.64 C-6/Hb-6) in the HSQC spectrum. Based on the HSQC spectrum which gives connectivity of protons, their chemical shifts at δ~H~ 5.32, 3.55, 3.70, 3.43, 3.48, 2.61, and 2.64 were assigned to H-1 and H-2, H-3, H-4, H-5, H-6a, and H-6, respectively, and enhanced the elucidation of the proton peak of ZMA. Similarly, ZMA showed six major peaks at chemical shifts of δ~c~ 102.72, 73.32, 86.09, 68.27, 76.92, and 60.43 ppm, and these were assigned to C-1, C-2, C-3, C-4, C-5,C-6, respectively, and could be assigned to the signals of the backbone chain for a β-(1,3) ZMA. The chemical shifts of the protons and carbons were obtained from the ^1^H--^13^C HSQC, ^1^H--^1^H NOSEY, and H^1^--H^1^ TOCSY with ^1^H and ^13^C resonances assigned in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The chemical shift data revealed from the ^13^C NMR and ^1^H--^13^C HSQC spectra of the current work were consistent with those revealed from the spectrum of the curdlan-type polysaccharide.^[@ref33]1^H--^1^H COSY and ^1^H--^13^C HSQC 2D correlation NMR experiments were used to the peak assignment of ^1^H, ^13^C and elucidate the exact β-linkages of the sugar residues within the polysaccharide.^[@ref34]^ Based on HSQC spectra, single-bond correlation studies between the protons and carbons from sugars in ZMA enabled all the ^13^C to be assigned.^[@ref31],[@ref35]^

![2D NMR (500 MHz) spectra of ZMA, (A) ^1^H--^13^C HSQC, (B) ^1^H--^1^H TOCSY, (C) ^1^H--^1^H NOESY, and (D) ^1^H--^1^H ROESY.](ao0c01243_0002){#fig2}

###### HSQC, NOSEY, and TOCSY Correlation Map of ZM and ZMA (500 MHz in D~2~O)

        HSQC ^1^H and ^13^C correlation (ppm)   NOSEY        NOSEY   TOCSY   TOCSY   
  ----- --------------------------------------- ------------ ------- ------- ------- ------
  C-1   102.72/4.69                             99.74/5.32   4.69    5.32    4.69    5.32
  C-2   73.32/3.47                              71.19/3.55                   3.45    3.54
  C-3   86.09/3.60                              84.22/3.70   3.60    3.74    3.60    3.66
  C-4   68.27/3.34                              68.07/3.43                   3.27     
  C-5   76.92/3.57                              75.61/3.48   3.57    3.48             
  C-6   60.43/3.81/3.75                         38.97/2.64                           3.86

The ^1^H chemical shift data values obtained from the HSQC spectrum were then verified by the cross peaks of H-1/H-2 (5.31 ppm/3.54 ppm), H-1/H-3 (5.32 ppm/3.66 ppm), and H-1/H-6 (5.32 ppm/3.86 ppm) in the TOCSY spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The cross peak of H-1/H-3 (5.32 ppm/3.74 ppm), H-1/H-5 (5.32 ppm/3.48 ppm) was also observed in the NOESY spectrum ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

The anomeric resonances for the H-1 proton signal were found in the high field region (H \> δ 5.0), and the anomeric resonance for the carbon C-1 signal at δ 99.74 was in the deshielded region along with the scalar coupling constant ^3^*J*~H-1-H-2~, which gives the information about the anomeric configuration, and this value was found at 7.0 Hz. These results confirm that ZMA had sugar units of the β-configuration form. Large coupling constants of *J*~H-2, H-3~ and *J*~H-3, H-4~ (9--10 Hz) indicated that the glucose units were linked with β-glycosidic bands.^[@ref26]^ A NOESY experiment revealed inter-residue NOE connectivity in ZMA, which was observed between H-1, H-3, and H-5, indicating that the residue was a β-configuration. Similarly, a ROSEY ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D) experiment revealed inter-residue connectivity that was observed between H-1, H-2, and H-6 and H1--H2, H2--H3, H3--H4, H2--H6, indicating that the residue was linked by the β-configuration.

The ^1^H,^13^C NMR spectrum and 2D ^1^H--^1^H COSY, ^1^H--^1^H TOCSY, ^1^H--^13^C HSQC, ^1^H--^1^H NOESY, and ^1^H--^1^H ROSEY results confirm that glucose was the main unit in the ZMA polymer with a molecular weight of 2.04753 × 10^5^ Da with β-(1,3) linkage as the main backbone. Such a conformation was repeated in the intercellular matrix of the cell wall of most fungi and yeasts.

MALDI-TOF-MS Analysis of ZMA {#sec2.4}
----------------------------

The presence of the glucose monomer in ZMA was observed in MALDI-TOF-MS as sodiated and protonated ions \[M + Na + H\]^+^ in the positive ion mode. The singly charged molecular ion mass was calculated as \[162 × *n* + 3Na + 9H\]^+^, where *n* represents the number of glucose units. The mass region of ion peaks was observed, and the peak-to-peak difference was 162.3 × *n* Da, which was consistent with the repeating units of ZMA.

The MALDI-TOF mass spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) showed the most intense peak at 204,759.200 Da \[162 × 1264 + 3Na + 9H\]^+^ with the second most intense peak at 14,769.29 \[162 × 91 + H~2~O + 5H\]. The peaks at an *m*/*z* of 10,068.50 \[162 × 62 + Na\]^+^, 11,862.82 \[162 × 73 + 2H~2~ O\]^+^, 13,304.15 \[162 × 82 + H~2~O\]^+^, 13,743.46 \[162 × 87 + 5H\]^+^, 14,099.40 \[162 × 82 + H~2~ O\], 53,003.052 \[162 × 327 + Na + 6H\]^+^, 86,832.052 \[162 × 536 + 3Na\]^+^, 102,997.620 \[162 × 636 + 2Na\]^+^, 138,562.294 \[162 × 855 + 2Na + 6H\]^+^, 173,837.360 \[162 × 1073 + 11 H\] ^+^, 204,759.200 \[162 × 1264 + 3Na + 9H\]^+^, 237,798.636 \[162 × 1468 + 9H\]^+^, 237,798.636 \[162 × 1468 + 9H\]^+^, 276,110.633 \[162 × 1704 + 3Na\]^+^, and 296,945.816 \[162 × 1833 + H\]^+^ were observed in ZMA.

![MALDI-TOF mass spectrum of ZMA using CHCA as the matrix. A mass difference of 162.1 Da was observed between neighboring peaks. The ions were singly charged \[M + Na\]^+^ and observed in the positive ion mode and are consistent with the expected mass.](ao0c01243_0003){#fig3}

Based on the MALDI-TOF mass analysis, the molecular weight and the sugar sequences were determined. The spectra showed highly branching units of glucose residues and the most intense peak at an *m*/*z* of 204,759.200, which represents the major component with a DP size of 1264 glucose residues. The DP varies from 62 to 1833. This is the first report on MALDI-TOF MS analysis for a very high molecular weight glucan.

ZM is a highly branched, insoluble polymer, whereas the aminated form not only aids in solubilizing but also helps to elucidate its structure without modifying the internal structure. Although high-molecular-weight polymers such as galactomannans (100 × 10^4^ Da) and baker's yeast beta-glucans^[@ref2]^ have been structurally characterized, the exact molecular weight was not estimated because of their size and insolubility. There are many reports on low-molecular-weight glucans from *Rhizobium meliloti*([@ref36],[@ref37]) and *Mesorhizobium loti*([@ref38]) but not on highly branched ones. Molecular weight determination of ZM through acid and/or alkali treatments^[@ref39]^ yielded three different fragments of sizes of 8, 5, and 2 kDa,^[@ref22]^ but till date, there is no experimental report on its solubility.

Microscopic and Particle Size Analysis {#sec2.5}
--------------------------------------

ZM appeared as an oval-shaped particle with a size below 3 μm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), whereas ZMA appeared oval, but the morphology was not well-defined ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The particle size distribution of ZM (1--3 μm; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) was marginally larger than that of ZMA (\< 2 μm; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). It was reported that the size of β-glucan particles does not affect its cellular uptake by macrophages, and microparticles of a size of 1--5 μm are readily phagocytosed by macrophages through the Dectin-1 receptor.^[@ref40]^ The hollow and porous structures of yeast beta-glucans (2--4 μm in diameter) were used as microcarriers, and because the porous channels in the glucan shell were not uniform in size, they could help in loading drug molecules with different size distributions.^[@ref41]^ In water suspension, the average size of ZM ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) particles was 712.5 ± 7.9 nm with a zeta potential of 9.76 mV, while the average size of ZMA ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) particles was 650.0 ± 38.93 nm with a zeta potential of 25.22 mV. The higher zeta potential values indicated the stability of ZMA particles. In general, particles within the size range of 1--1000 nm could be used for prophylactic vaccine designing, with ZM reported as an immunepotentiator; it makes ZMA an ideal carrier molecule for vaccine delivery.

![SEM images of (A) ZM and (B) ZMA microparticles. Size distributions of (C) ZM and (D) ZMA microparticles.](ao0c01243_0004){#fig4}

AFM Visualization of ZM and ZMA {#sec2.6}
-------------------------------

The height and amplitude of the scanning field in atomic force microscopy (AFM) revealed a scattered distribution of particles. When compared to ZM (a width of 1.345 μm and a height of around 0.628 μm, as shown in [Figure S4A,B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)), ZMA ([Figure S4C,D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) was slightly less in size (a width of 1.077 μm and a height of 0.541 μm), which is in line with SEM and particle size analysis, which could be attributed to the solubility. Similar size ranges have also been reported with yeast β-glucan films (2.70 μm) and particles (1--2 μm).^[@ref42],[@ref43]^

ZM and ZMA Biological Activities in Mouse Raw 264.7 Cell Lines {#sec2.7}
--------------------------------------------------------------

Raw 264.7 macrophage cells are majorly involved in the phagocytic process. They have the Dectin 1 receptor on their surface, which recognizes beta (1,3)-glucans. Our aim is to study the immunomodulatory effects of beta (1,3)-glucan on macrophage cells, so the Raw 264.7 cell line was chosen for this study. ZM has the ability to bind to the Dectin-1 receptor present on macrophages. Therefore, cell viability, cell uptake, and gene expression analysis were carried out in mouse Raw 264.7 cells.

Cell Viability {#sec2.8}
--------------

Both ZM and ZMA ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf)) were not cytotoxic to Raw 264.7 cells, and the cell viability was above 90%, which could be considered nontoxic according to ISO 10993-5.^[@ref44]^ This is in line with other biocompatibility studies reported with other bacterial glucans^[@ref37],[@ref45],[@ref46]^ and yeasts.^[@ref47]^

Cell Uptake {#sec2.9}
-----------

ZM and ZMA were observed as red particles inside the cell. Both ZM ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d) and ZMA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e--h) showed a similar pattern of uptake. Phagocytic and dendritic cells are potentially important targets in RNAi-based therapeutics, and ZM has been reported as a host for siRNA and drug delivery.^[@ref24],[@ref48]^ ZM has the ability to bind to the Dectin-1 receptor of the macrophages, which stimulates the inflammatory response by chemokine and cytokine production (innate immune responses) as well as the antimicrobial effect through phagocytosis and generation of reactive oxygen species which further influences the adaptive immunity.^[@ref49],[@ref50]^

![(A) Fluorescence microscopy images of Raw 264.7 macrophages. Rhodamine B-tagged ZM particles (a--d) and ZMA particles (e--h). (B) Quantified fluorescence intensities (\*\**P* \< 0.01, \*\*\*\*P \< 0.0001).](ao0c01243_0005){#fig5}

Increased intracellular fluorescence in Raw 264.7 macrophages ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) with both ZM and ZMA could be attributed to the receptor-mediated phagocytosis and passive uptake through steric or van der Waals interactions.^[@ref51]^ Studies have indicated that sharp-edge particles showed less internalization than spherical particles. This could be attributed to the less energetic cost of initializing membrane curvature during phagocytosis of spherical particles.^[@ref52]^

ZMA was biocompatible with Raw 264.7 cells, and the cellular uptake was similar to ZM. These studies indicate that ZMA has potential applications in medical imaging and drug delivery systems.

Gene Expression of ZM and ZMA in Raw 264.7 {#sec2.10}
------------------------------------------

Levels of inflammatory (TNFα, IL1β, and IL6, TGFβ1, and IL10)^[@ref46]^ in Raw 264.7 with ZM, LPS, and ZMA were analyzed using real-time PCR analysis ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Increased expression of both pro- and anti-inflammatory cytokines was observed in all three treatments. The fold change for TNFα, IL1β, and IL6 with respect to LPS treatment was 2.95, 30.20, and 174.29, respectively, whereas with ZM, it was TNFα (3.18), IL1β (5.66), and IL6 (115.76), and with ZMA, it was TNFα (1.42-fold), IL6 (7.77-fold), and IL1β (0.47-fold). The fold increase of the anti-inflammatory cytokines with respect to the treatments was TGFβ1 (2.54) and IL10 (42.38) with ZM, TGFβ1 (2.10) and IL10 (9.04) with LPS, and TGFβ1 (1.14) and IL10 (1.10) with ZMA.

![Expression of inflammatory cytokines in macrophage cells with ZMA and LPS treatment. \**p* \< 0.05, \*\**p* \< 0.001, and \*\*\*\**p* \< 0.0001 are with respect to the control (cells without the polymer and LPS treatment).](ao0c01243_0006){#fig6}

Amination of ZM showed a statistically significant difference in the regulation of IL6. Although ZM binds to the Dectin-1 receptor present in the macrophage, it is widely used as a phagocytic stimulus.^[@ref53],[@ref54]^ The two-step amination process solubilized ZM, and there was no significant difference in cell viability or cellular uptake. TLR activation of microglia cells (active immune cells of the central nervous system) by ZM led to upregulation of proinflammatory genes, TNF-α, IL-6, and IL-1β, which are also resident macrophage cells.^[@ref54]^

Conclusions {#sec3}
===========

This is the first approach to increase the solubility of ZM by partial amination without affecting its native structure. The compound 6-azido-6-deoxy-ZM was synthesized and reduced further to 6-amino-6-deoxy-ZM. ZMA is highly branched with the DP ranging from 62 to 1833 glucose residues with increased solubility and a reduced particle size (1--2 μm). ZMA was biocompatible, and the cellular uptake was similar to ZM with decreased inflammatory effects compared to ZM. ZMA could be a potential candidate for immune modulation and drug delivery.

Experimental Section {#sec4}
====================

General Procedure {#sec4.1}
-----------------

ZM (\#Z4250-1G) was obtained from Sigma Aldrich. The D~2~O solvent (deuteration degree, minimum 99.96%) and Methanol D were obtained from Merck. Dialysis membrane-150 (Himedia MW cutoff: 12 kDa), DMSO (dimethyl sulfoxide), NaBH~4~ (sodium borohydride), methanol, and other chemicals were purchased from Himedia Laboratories Pvt. Ltd.

6-Azido-6-deoxy-(1-3)-β-D-zymosan Synthesis {#sec4.2}
-------------------------------------------

Amination was carried out, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. ZM (1.0 g) was taken in a two-necked round-bottom flask, and NaN~3~ (4.0 g, 61.52 Mmole) was added, dissolved in DMF (dimethylformamide) (30 mL), and stirred well for 30 min. The reaction flask was kept at 80 °C under a nitrogen atmosphere for 2 h. The reaction mixture was cooled to room temperature, and Ph~3~P (triphenylphosphine) (4.0 g, 15 Mmole) was added and stirred well. In an inert nitrogen atmosphere, freshly prepared CBr~4~ (carbon tetrabromide or tetrabromomethane) (5.5 g, 16 Mmole) solution was added in drops and incubated for 48 h at room temperature.^[@ref27]^ Acetone was used to precipitate the azide and washed thrice with methanol, followed by water. The polymer was freeze-dried and stored.

6-Amino-6-deoxy-(1-3)-β-[d]{.smallcaps}-zymosan Synthesis by the Reduction Method {#sec4.3}
---------------------------------------------------------------------------------

6-Azide (0.5 g) was dissolved in 30 mL of DMSO and stirred for 30 min at room temperature. NaBH~4~ (1.2 g, 31 Mmole) was added, and the mixture was heated to 60 °C.^[@ref55]^ The reaction mixture was maintained under continuous heating and stirring (6 h). Later, the aminated glucan was cooled at room temperature and centrifuged at 13,000 rpm. The precipitate was washed thrice with methanol, followed by dialysis using a 12 KDa membrane and then freeze-drying (a yield of 0.45 g).

Characterization of ZMA {#sec4.4}
-----------------------

The presence of characteristic amino and other functional groups in ZMA was confirmed by Fourier-transform infrared spectroscopy with the attenuated total reflection mode (Perkin Elmer System, Country). FT-Raman spectroscopy (50--5000 cm^--1^) was carried out for the β-glycosidic linkage analysis using a BRUKER RFS 27 stand-alone FT-Raman spectrometer. 1 D ^1^H NMR (500 MHz), ^13^C NMR (125 MHz), and 2D NMR with heteronuclear single-quantum coherence (HSQC), H--H correlation spectrometry (COSY), TOCSY, and ROSEY spectra analysis were carried out with a Bruker Avance III 500 NMR (500 MHz). Spectral measurements were carried out at 37 °C and analyzed using the Bruker top spin 3.2 software. D~2~O (deuteration degree, minimum 99.96%) and Methanol D were used as NMR solvents.

Determination of the Molecular Weight by MALDI-TOF Analysis {#sec4.5}
-----------------------------------------------------------

Molecular weights of ZMA were recorded with a Bruker Ultraflex III MALDI-TOF mass spectrometer (with 40,000 mass resolving power with 1 ppm mass accuracy). Acetonitrile (90% v/v) and saturated acyano-4-hydroxycinnamic acid (10% v/v) in TA90 (90% acetonitrile and 0.01% trifluoroacetic acid) were used to run ZMA in the matrix. ZMA was ionized in the positive ion mode, and the spectrum was obtained in the reflector mode, with a laser intensity between 20 and 25%, by accumulating 1000 shots with 0--4000 Da as the detection range. The background noise was eliminated by suppressing the mass signals (\<*m*/*z* = 200).

SEM and Particle Size Analysis {#sec4.6}
------------------------------

The prepared polysaccharide particles were detected using a scanning electron microscope (FEI Quanta FEG 200-High Resolution).^[@ref56]^ One milligram of ZM and ZMA was suspended in 1.0 mL of distilled water and vortexed to make a homogeneous suspension, and the corresponding size distribution of the particles in each sample was analyzed using a Zetatrac-Zeta potential particle size analyzer (Microtrac Inc.).^[@ref57]^

Atomic Force Microscopy {#sec4.7}
-----------------------

The sample solution (10 μL, 100 mg/mL) was added onto the surface of a clean glass slide and left overnight for the particles to adhere at room temperature. The surface of the glass slide was analyzed using a Park systems X-100 atomic force microscope at room temperature under the noncontact mode to determine the microstructures. All images were taken with a resolution of 512 × 512 pixels on the 20 × 20 μm scale for ZM and 10 × 10 μm scale for ZMA.^[@ref58]^

Cell Viability of ZM and ZMA {#sec4.8}
----------------------------

The biocompatibility of ZM and ZMA toward Raw 264.7 cells was analyzed by the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assay.^[@ref59]^ Raw 264.7 cells (10^4^ cells mL^--1^) were cultured with DMEM for 24 h. Different concentrations of ZM and ZMA (100, 80, 60, 50, 40, 30, 20, and 10 μg mL^--1^) were added to the cells and incubated in a 5% CO~2~ incubator for 24 h. MTT (5 mg mL^--1^) was added and incubated for 4 h. DMSO was used to solubilize the formazan crystals formed, and the absorbance was measured at 690 and 570 nm using an Enspire Perkin Elmer multimode plate reader (Singapore).

Raw 264.7 Macrophage Cellular Uptake {#sec4.9}
------------------------------------

Rhodamine B- tagged ZM and ZMA samples were synthesized by mixing 1 mg of polymer samples with the fluorescent dye Rhodamine B (100 μg/mL) vortexed and incubated in the dark at 37 °C for 24 h.^[@ref45]^ The particles were centrifuged at 13,000 rpm and washed thrice with phosphate-buffered saline to remove the excess dye and lyophilized (at a temperature of −80 °C). Raw 264.7 cells (1 × 10^5^ cells/mL) were incubated with rhodamine B- tagged particles for 3 h in a CO~2~ incubator. The cells were washed several times with PBS. Paraformaldehyde (4%) was used for fixing the cells (20 min at 37 °C) and visualized under an Olympus BX51 fluorescence microscope (Olympus America Inc., USA).

Similarly, Raw 264.7 cells treated with Rhodamine B-tagged ZM and ZMA particles were lysed using a lysis buffer and centrifuged at 13,000 rpm, and the fluorescence was measured at an excitation of 540 nm and an emission of 575 nm using an EnSpire microplate reader, Perkin Elmer, Singapore.

Inflammatory Gene Expression {#sec4.10}
----------------------------

Raw 264.7 (1 × 10^5^ cells/mL) cells were cultured in a six-well plate for 24 h, and the medium was replaced with ZM or ZMA (0.5 mg/mL in DMEM). Lipopolysaccharide (10 μg mL^--1^) was the positive control to induce an inflammatory response. Cells without LPS were used as the control.^[@ref60]^ After 6 h of incubation, the cells were washed twice with PBS, and total RNA was isolated using an RNAiso Plus (Total RNA extraction reagent, Takara Bio Inc., Japan) by following the manufacturer's protocol. Reverse transcription was carried out for 1 μg of RNA with a cDNA Reverse Transcription Kit (Applied biosystems, Thermo Fischer Scientific, USA). The primer sequences of inflammatory genes used in this current work are listed in Table S1 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf). The expression of IL1β, IL6, TNFα, IL10, and TGFβ1 inflammatory genes was determined using an SYBR Premix Ex Taq II kit (Takara Bio, USA).^[@ref45]^ The expression levels of the inflammatory genes were normalized with respect to β-actin, and the fold change was determined by the ΔΔ*Ct* method.

Statistics {#sec4.11}
----------

All values were expressed as the mean ± standard deviation. One-way and two-way ANOVA was carried out wherever applicable using GraphPadPrism (Version 6.01 software).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01243](https://pubs.acs.org/doi/10.1021/acsomega.0c01243?goto=supporting-info).FT-Raman spectra of ZM and ZMA (the band at 896 cm^--1^ indicates β-linkage); ^1^H NMR spectra of ZMA in D~2~O; particle size distribution native and aminated glucans in water; AFM images, particles of ZM, 3D view of ZM, particles of ZMA, and 3D view of ZMA; cytotoxicity of ZMA and ZM against Raw 264.7 cells; and list of primers used for the proinflammatory and anti-inflammatory study ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01243/suppl_file/ao0c01243_si_001.pdf))
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ZM

:   zymosan

ZMA

:   aminated zymosan

LPS

:   lipopolysaccharide

DAPI

:   (4′,6-diamidino-2-phenylindole)

DMAE

:   dimethylaminoethyl

DMSO

:   dimethyl sulfoxide

NaBH~4~

:   sodium borohydride

DMF

:   dimethylformamide

Ph~3~P

:   triphenylphosphine

CBr~4~

:   carbon tetrabromide or tetrabromomethane

MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
